A series of experiments was conducted to elucidate the factor(s) involved in the spontaneous gonadal germ cells (GGCs) discharge from chick embryonic gonads. The developing gonads recovered from 7-day-old White Leghorn (WL) embryos were incubated for 1 h in Dulbecco's phosphate-buffered saline (PBS) supplemented with Ca 2+ and/or Mg 2+ at temperatures of 4-42℃. The number of GGCs spontaneously discharged from gonads into PBS was negatively correlated with Ca 2+ concentration and positively correlated with incubation temperature (P＜0.05). Effects of Mg 2+ on spontaneous GGCs discharge into PBS [-] was observed to be minimal (P＞0.05). Gonadal germ cells discharged into PBS was observed when divalent cations in the medium were chelated using EDTA. In conclusion, it was revealed that spontaneous discharge of GGCs from gonad of 7-day-old chick embryo into PBS was primarily affected by Ca 2+ concentration and incubation temperature.
Introduction
Segregation of germ cells with somatic cells during early embryogenesis and subsequent germline development are the first steps of sexual reproduction in all known vertebrates. In avian species, primordial germ cells (PGCs) originate from the central zone of the area pellucida (Ginsburg and EyalGiladi, 1987; Kagami et al., 1997) . At the primitive streak stage, PGCs are located in the extraembryonic region called the germinal crescent (England and Matsumura, 1993) . Primordial germ cells circulate temporarily through the bloodstream, followed by migration to the gonadal ridge (Fujimoto et al., 1976; Kuwana, 1993) . After migration to the gonadal ridge, PGCs are called gonadal germ cells (GGCs) .
Germline chimeras can be produced by transferring PGCs collected from circulating blood of early developing 2-dayold embryos into recipient embryos (Tajima et al., 1993) . More recently, germline chimeras were successfully produced by transferring GGCs collected from 5-, 7-, and 9-dayold embryonic gonads (Tajima et al., 1998 (Tajima et al., , 2004 . In one of the latter reports, GGCs were recovered after digesting developing gonads using proteinases such as trypsin (Tajima et al., 1998) . The use of GGCs after trypsin digestion, however, requires identification and isolation of germ cells from overwhelming numbers of somatic cells. In addition, limited information is available regarding the cell biological characteristics of GGCs.
In our previous study, spontaneous discharge of GGCs was observed by incubating gonads of 7-day-old chick embryos in Dulbecco's phosphate-buffered saline (PBS [-] ) (Nakajima et al., 2011) . Gonadal germ cells were discharged predominantly in the first 90 min of incubation, but discharge of somatic cells increased with incubation time thereafter. These results suggested that the factors involved in cell-cell adhesion between GGCs and somatic cells and between somatic cells may be different.
The present study, therefore, was conducted to elucidate the factor(s) involved in the spontaneous discharge of GGCs into PBS [-] from embryonic gonads.
Materials and Methods

Effects of Ca 2+ and Mg 2+ in PBS on the Spontaneous Discharge of Gonadal Germ Cells
Fertilized White Leghorn (WL) eggs produced at the Agriculture and Forestry Research Center, University of Tsukuba, Japan, were used in the experiments. Fertilized WL eggs were incubated for 7 days in an air-forced incubator (P-008; Showa Furanki Laboratory, Saitama, Japan) maintained at 37.8℃. After incubation, left gonads were isolated from 7-day-old embryos at stages 31 of development (Hamburger and Hamilton, 1951) . Isolated gonads were placed in 1. [-] , gonads were placed in PBS supplemented with: 1) 0.9 mM Ca 2+ and 0.33 mM Mg 2+ containing 0.0, 0.5, 1, 1.23, and 1.5 mM EDTA; 2) 0.9 mM Ca 2+ containing 0.0, 0.5, 0.75, 0.9, and 1.25 mM EDTA; or 3) 0.33 mM Mg 2+ containing 0.0, 0.25, 0.33, and 0.5 mM EDTA. As controls, gonads were placed in PBS [-] supplemented with 0.5, 0.75, 1, and 1.25 mM EDTA. The centrifuge tubes were placed in an incubator maintained at 37.8℃ for approximately 1 h. Incubated gonads were pipetted gently, and 100 μl of cell suspension was placed on 2-well Hard Teflon-Coated Slides (HTCSs, cat. no. 10-226-CC; Erie Scientific Co., Portsmouth, NH). The number, survival rate, and purity of spontaneously discharged GGCs were observed. The purity of spontaneously discharged GGCs was defined as the percentage of spontaneously discharged GGCs vs. the total number of discharged cells. The survival rate of spontaneously discharged GGCs was determined using Trypan Blue staining. Each experiment was repeated more than 10 times.
A two-way analysis of variance was conducted to analyze effects of Ca 2+ and Mg 2+ on spontaneous GGCs discharge using the generalized linear model (GLM; SAS/STAT, Inc., Cary, NC, USA) followed by Tukey's Honestly Significant Difference (HSD) test. A one-way analysis of variance was conducted to analyze effects of EDTA on spontaneous GGCs discharge using the GLM followed by Tukey's HSD test.
Effects of Ca 2+ and Incubation Temperature in PBS[-] on the Spontaneous Discharge of GGCs
Fertilized WL eggs were incubated for 7 days in an airforced incubator maintained at 37.8℃. After incubation, the left gonads were isolated from 7-day-old embryos. Isolated gonads were placed in 1. 5-ml centrifuge tubes containing 200 μl of PBS with 0.0, 0.009, 0.09, or 0.9 mM Ca
2+
. The centrifuge tubes were placed in an incubator maintained at 4℃, 15℃, 24℃, 37.8℃, or 42℃ for approximately 1 h. Incubated gonads were pipetted gently, and 100 μl of cell suspension was placed on 2-well HTCSs. The number, survival rate, and purity of spontaneously discharged GGCs were determined. Each experiment was repeated more than 10 times.
The morphological characteristics of the GGCs were identical to the PGCs, i.e., large granulated round cells with large nuclei (Yasuda et al., 1992) under an inverted microscope (IMT-2; Olympus, Tokyo Japan). To confirm the histochemical properties, spontaneously discharged GGCs were stained with periodic acid-Schiff (PAS) (Tajima et al., 1999) and with anti-chicken vasa homolog (CVH) antibody (Tsunekawa et al., 2000) according to the method described in Nakajima et al. (2011) . Each experiment was repeated more than four times. A two-way analysis of variance was conducted to analyze effects of Ca 2+ and incubation temperature on spontaneous GGCs discharge using the GLM followed by Tukey's HSD test.
All animal care and handling procedures were performed in accordance with the standards of the University of Tsukuba.
Results
Effects of Ca 2+ and Mg 2+ on Spontaneous Discharge of GGCs in PBS[-]
Gonadal germ cells spontaneously discharged into PBS [-] , as identified by their morphology, from 7-day-old embryonic gonads are presented in Fig. 1A . As shown in Fig. 1B and 1C, more than 95% of GGCs spontaneously discharged into PBS [-] from embryonic gonads were stained with PAS and anti-CVH antibody. In the present study, the average diameter of PAS and CVH positive GGCs isolated from 7-day-old embryo was 10.69±0.25 μm (4.78-16.52 μm), whereas the average diameter of PGCs collected from blood of 2-day-old embryo was 14.74±0.15 μm (10.43-18.26 μm). The average diameter of PGCs in the present study is comparable with Yasuda et al. (1992) who reported that the diameter of PGCs ranged between 14-19 μm. Even though no statistical difference was observed (P＞0.05), it was considered in the present study that the average diameter of GGCs is somewhat smaller than PGCs. Furthermore, survival rates of discharged GGCs in all of the cases in Experiment 1 were ＞90%. As shown in Fig. 2 , where limited number of GGCs discharge was observed. The number and purity of GGCs discharged into PBS [-] and PBS containing 0.9 mM Ca 2+ and/or 0.33 mM Mg 2+ with or without EDTA are shown in Fig. 5 . The number of GGCs discharged into PBS[+] significantly increased with increasing EDTA concentration in PBS (P＜0.05) (Fig. 5A) . The purity of GGCs discharged into PBS [+] was significantly higher in the presence of EDTA (P＜0.05) (Fig. 5A ). The number of GGCs significantly increased when the EDTA concentration was 1.25 mM in PBS containing 0.9 mM Ca 2+ (P＜0.05) (Fig. 5B) . The purity of GGCs discharged into PBS containing 0.9 mM Ca 2+ was significantly higher when the EDTA concentration was 1.25 mM compared with other EDTA concentrations (P＜0.05) (Fig. 5B) . In contrast, the number of GGCs discharged into PBS [-] and PBS containing 0.33 mM Mg 2+ was not significantly influenced by the EDTA concentration (P＞0.05) (Figs. 5C and D) . The purity of GGCs discharged into PBS containing 0.33 mM Mg 2+ was not significantly influenced by the EDTA concentration (P＞ 0.05) (Fig. 5C ). In contrast, the purity of GGCs discharged into PBS [-] was significantly lower in the presence than in the absence of EDTA (P＜0.05) (Fig. 5D) . However, many gonadal tissue clusters were observed in PBS containing 1.25 mM EDTA (Fig. 1D) .
Effects of Ca 2+ and Incubation Temperature on Spontaneous Discharge of GGCs
The effects of Ca 2+ concentration and incubation temperature on the number of GGCs spontaneously discharged into PBS are shown in Fig. 6 . The number of GGCs discharged into PBS significantly decreased with increasing Ca 2+ concentrations at all incubation temperatures examined in the present study (P＜0.05). When the gonad was incubated in PBS containing 0.0, 0.009, and 0.09 mM Ca of 0.9 mM, the number of GGCs did not change with increasing incubation temperatures (P＞0.05). Discharge of GGCs was rarely observed when the gonad was incubated at 4℃ and 15℃, and also in PBS containing 0.9 mM Ca
2+
. No significant differences were observed in number of GGCs at incubation temperatures of 4℃, 15℃, and 24℃, regardless of the Ca 2+ concentration (P＞0.05). However, the number of GGCs differed significantly among incubation temperatures at Ca 2+ concentrations in PBS of 0 and 0.009 mM (P＜ 0.05). A significant interaction between Ca 2+ concentration and incubation temperature on the number of GGCs was observed (P＜0.05). As shown in Fig. 7 , at incubation temperatures of 4℃, 15℃, and 24℃, no significant differences in purity of GGCs were observed among Ca 2+ concentrations (P＞0.05). It has to be noted, however, that the calculation of GGC purity was not possible due to the very small numbers of cells discharged on incubation of gonads in PBS containing 0.9 mM Ca 2+ and/or in PBS at 4℃, 15℃ and 24℃. A significant effect of Ca 2+ concentration on the purity of spontaneously discharged GGCs was observed only when PBS [-] was used (P＜0.05). The purity of GGCs was significantly lower at an incubation temperature of 4℃ than at 37.8℃ (P＜0.05).
Discussion
In our previous study, unexpected selective spontaneous discharge of GGCs was observed for up to the first 1.5 h of incubation of chick embryonic gonads in PBS [-] for 24 h Nakajima et al.: GGC Discharge from Chick Embryonic Gonad (Nakajima et al., 2011) . Clarification of the mode of germ cell association and dissociation from the embryonic gonad is important to understand germline development and also to produce germline chimeras. The present study was performed to elucidate the underlying mechanism of spontaneous selective GGC discharge on incubation of the embryonic gonad in PBS [-] .
Unexpectedly, when embryonic gonads were incubated in PBS [+] , spontaneous GGC discharge was almost completely suppressed, whereas GGC discharge was observed when PBS [+] had been serially diluted using PBS [-] (Fig. 2) . Furthermore, GGC discharge was observed by chelating divalent cations in PBS[+] using EDTA (Fig. 5A) , divalent cations in the medium were assumed to be major factors determining the spontaneous discharge of GGCs from the embryonic gonad. In the absence of Mg 2+ , the highest spontaneous GGC discharge was observed at 0 mM Ca 2+ concentration, but the number of GGCs decreased with increasing Ca 2+ concentrations to 0.9 mM (P＜0.05). Spontaneous GGC discharge was rarely observed when the Ca 2+ concentration in PBS reached 0.9 mM regardless of the Mg 2+ concentration. Suppression of GGC discharge was resumed by chelating Ca 2+ with EDTA in PBS (Fig. 5A and B) . Therefore, Ca 2+ was considered to be a potent inhibitor of spontaneous discharge of GGCs from chick embryonic gonads.
While the number of GGCs was not significantly influenced by the Mg 2+ concentration (P＞0.05), a significant interaction on purity of GGCs was observed between the Ca 2+ Journal of Poultry Science, 51 (4) 
concentration and Mg
2+ concentration when the embryonic gonad was incubated in PBS supplemented with 0.009 and 0.09 mM Ca 2+ (P＜0.05) (Figs. 3 and 4) . Furthermore, the purity of GGCs discharged into PBS tended to be lower in the presence of Mg 2+ when Ca 2+ was 0 mM. Therefore, dominant spontaneous GGC discharge from the embryonic gonad may be influenced by Mg 2+ concentration in the presence of both Ca 2+ and Mg 2+ in medium. The effects of divalent cations on GGC discharge were further examined by adding EDTA to the medium. In the presence of Ca 2+ , GGCs discharged into medium was dependent on the EDTA concentration ( Fig. 5A and B) . Logarithmic-like increases in the number and purity of GGCs were observed when the EDTA concentration in PBS [+] was increased from 0 to 1.5 mM (Fig. 5A) . In contrast, exponential-like increases in the number and purity of GGCs were observed when the EDTA concentration in PBS [-] supplemented with 0.9 mM Ca 2+ was increased from 0 to 1.25 mM (Fig. 5B) . In both cases, the number and purity of GGCs observed at the highest EDTA concentration were comparable to those reported previously (Nakajima et al., 2011) . Furthermore, neither the number nor purity of GGCs Nakajima et al.: GGC Discharge from Chick Embryonic Gonad was significantly influenced by chelating Mg 2+ with EDTA in PBS (P＞0.05) (Fig. 5C ). These results further indicated that both number and purity of spontaneously discharged GGCs from the embryonic gonads are influenced by Mg 2+ at Ca 2+ concentrations between 0.009 and 0.09 mM. When EDTA was added to PBS [-] , the number of GGCs discharged from the embryonic gonad was not influenced by the EDTA concentration (P＞0.05) (Fig. 5D) . However, the purity of GGCs discharged into PBS [-] containing EDTA decreased significantly with increasing EDTA concentration in the medium (P＜0.05) (Fig. 5D ). In particular, many gonadal tissue clusters were observed in PBS [-] containing EDTA (Fig. 1D) . These tissue clusters were suggested to have risen by the reduction of Ca 2+ -and/or Mg 2+ -dependent cell adhesion in gonads. Dose-dependent resumption of the inhibitory action of Ca 2+ on GGC discharge was observed when the EDTA concentration in the medium was increased. No significant difference in GGC discharge was observed between the negative control (PBS [-] ) and when 0.9 mM Ca 2+ was chelated with 1.25 mM EDTA. As the purity of GGCs tended to be lower in the presence of Mg 2+ at 0 mM Ca 2+ and GGC discharge was observed proportional to EDTA concentration, Ca 2+ was considered to selectively influence spontaneous GGC discharge. Furthermore, GGCs discharged into PBS from the embryonic gonad were predominantly observed as single cells, whereas dissociated gonadal somatic cells were tissue clusters. In our previous study, spontaneous GGC discharge was seen for the first 1.5 h of incubation, and the dissociation of somatic cells clusters was observed thereafter (Nakajima et al., 2011) . The simultaneous discharge of GGCs and somatic cell clusters in the present study may have been due to a sudden reduction in Ca 2+ concentration in the presence of EDTA in the incubation medium. As essentially no GGC discharge was observed at 0.9 mM Ca 2+ , GGC discharge observed at 0 mM Ca 2+ was considered to have been primarily due to a loss of Ca 2+ -mediated cell adhesion between GGCs and surrounding somatic cells. Although no significant differences were observed, these results suggest that the dose-response Ca 2+ inhibition of spontaneous GGC discharge may be modulated by the presence of Mg 2+ . Several studies have described Ca 2+ -mediated cell adhesion (Gumbiner, 2005; Halbleib and Nelson, 2006; Lien et al., 2006) . Ca 2+ -dependent cell adhesion is reportedly influenced by an increasing incubation temperature (Ueda et al., 1976; Takeichi, 1977) . In the present study, spontaneous GGC discharge into PBS [-] from embryonic gonads was mainly observed at 37.8℃ and 42℃, with fewer GGCs discharged at 4℃, 15℃, and 24℃ (Fig. 6) . However, the effect of incubation temperature on GGC discharge into PBS from embryonic gonads significantly decreased following the addition of Ca 2+ (P＜0.05) (Fig. 6) . Therefore, discharge of GGCs from the embryonic gonad may be dependent on Ca 2+ -dependent cell adhesion. Furthermore, Ca 2+ -mediated cell binding is reinforced by the presence of external free Ca 2+ in a dose-dependent manner. Takeichi (1988) -mediated cell-to-cell adhesion between gonadal somatic cells and GGCs. These results support the suggestion that GGC discharge into PBS [-] from embryonic gonads may be affected by cell adhesion between GGCs and gonadal somatic cells (Nakajima et al., 2011) . From a technical viewpoint, the timing of GGC discharge can be controlled by adjusting the incubation temperature of embryonic gonads isolated from 7-day-old chick embryos. As shown in Fig. 6 , the number of discharged GGCs was significantly increased when incubation temperature has been increased from 4℃ to 42℃ (P＜0.05) except when Ca 2+ concentration in the medium was 0.9 mM. In the present study, 37.8℃, a conventional incubation temperature for chicken eggs, was employed to incubate embryonic gonad. Even though the number of discharged GGCs tended to be higher at 42℃, physiological normality of embryonic germ cells needs to be critically evaluated. Ca 2+ and Mg 2+ are generally accepted to be essential for cell adhesion protein. Therefore, the spontaneous GGC discharge into PBS from embryonic gonads observed in the present study may have been affected by the presence of cell adhesion proteins, such as cadherin and integrin, regulated by the concentrations of Ca 2+ and Mg 2+ (Gumbiner, 2005; Lien et al., 2006) . Temperature-dependent spontaneous GGC discharge into PBS [-] was hypothesized to consist of the following two phenomena: spontaneous GGC release promoted by the dilution of Ca 2+ in medium, and the involvement of gonadal dissociation by the removal of divalent cations in the medium and/or gonad. In future studies, cell adhesion between GGCs and gonadal somatic cells and cell adhesion related to GGC discharge from embryonic gonads should be examined by histochemical, ultrastructural, and biochemical analyses. Furthermore, the effects of pH on GGC discharge should be examined, as complex formation constants (logK) of EDTA for Ca 2+ and Mg 2+ are 10.7 and 8.8, respectively.
In conclusion, the present findings indicated that spontaneous discharge of GGCs into PBS from gonads was mainly influenced by the concentration of Ca 2+ in PBS and incubation temperature.
